Abstract The "Bermuda triangle"
Introduction
Rheumatoid arthritis (RA) is an autoimmune inflammatory rheumatic disease that affects approximately 0.5-1 % of the population and causes chronic synovial inflammation eventually leading to joint destruction and disability [1] . The "Bermuda triangle" of genetic, environmental factors and autoimmunity triggers the onset and perpetuation of synovitis underlying RA [2] [3] [4] [5] [6] [7] [8] [9] [10] . Early diagnosis and immediate, effective therapy are crucial in order to prevent joint deterioration, functional disability and unfavorable disease outcome. The optimal management of RA is needed within 3-6 months after the onset of disease; therefore, a very narrow "window of opportunity" is present to achieve remission [11] .
The heritability of RA has been estimated to be about 60 % [12] . Genetic factors including class II major histocompatibility antigens/human leukocyte antigens (HLA-DR), as well as non-HLA genes have been implicated in the pathogenesis of RA [2, 3, 5, 6, 13] . Interestingly, HLA and some non-HLA genes have also been linked to autoimmunity to citrullinated proteins (ACPA [anti-citrullinated protein antibody]), as well as smoking. In brief, smoking and possibly other environmental and lifestyle-related factors may trigger ACPA production and the development of ACPA seropositive RA, at least in some cohorts [4, 5, [14] [15] [16] [17] [18] . Apart from susceptibility to RA, some genes may have relevance for disease outcome and prognosis [4, 5] . Certain gene profiles or signatures have also been associated with response or nonresponse to therapy (pharmacogenomics) [19] [20] [21] [22] [23] .
For decades, the possible pathogenic effects of one or more disease-associated chromosomal regions (loci) have been investigated separately. These studies often led to controversies as some groups were able to confirm linkage of a certain single nucleotide polymorphism (SNP) to RA, while others could not. Recent genome-wide association studies (GWAS) and especially large-scale cohorts, such as the Wellcome Trust Case Control Consortium (WTCCC) database, have enabled the simultaneous assessment of thousands of genes, leading to more consequent results of genetic associations [24] [25] [26] .
Animal studies may help to fill the gaps in human GWAS by allowing for gene mapping via congenic breeding and functional studies that will yield greater insights into the mechanisms of autoimmune responses in RA. Based upon the clinical, immunological and genetic components, the most appropriate animal models for RA seem to be those that use genetically controlled systemic autoimmune joint diseases, those in which both T and B cells are involved, and those that apply (auto)antigenic molecules of cartilage or joint tissues for provoking ("targeting") synovial joint inflammation [27] [28] [29] [30] [31] .
Here we will present a survey of recent data regarding the genetic contribution to RA. We will briefly review the heritability of RA followed by the most relevant and updated information on the pathogenic and prognostic role of some HLA and non-HLA genes. The "Bermuda triangle" of genes, ACPA, and environment (mentioned above) will also be discussed in more detail. Some aspects of GWAS studies carried out in "mice and men" will also be discussed. Finally, a brief outlook on pharmacogenomics will be presented. Due to space limitations, all these issues will only be discussed in brief, focusing on the most relevant information. Therefore, we apologize for any important contributions that have been omitted.
Heritability of RA
The overall heritability of ACPA positive and ACPA negative RA is similar, 60-70 % [3, 12] . However, there has been some controversy regarding the contribution of HLA to the genetic variability. Previously, the contribution of HLA has been estimated to be 37 % [32] [33] [34] . Recent studies have suggested that this figure may be overestimated. The contribution of SE HLA-DRB1 alleles to the genetic variance was found to be only 11 % [3, 34] . The difference between the two figures may be because RA susceptibility may also be associated with protective alleles, in addition to SE (see later). Moreover, while the general heritability is the same in ACPA positive and negative RA, the contribution of HLA alleles to the genetic variance is 40 % for seropositive, but only 2 % for ACPA negative disease [34] .
The Pathogenic and Prognostic Roles of HLA Genes
It was established decades ago that certain HLA-DRB1*01 (HLA-DR1) and HLA-DRB1*04 (HLA-DR4) alleles, containing the SE, are associated with susceptibility to RA. While the QKRAA, QQRAA and KKRAA amino acid motifs are known SEs conferring susceptibility, the DERAA motif is rather responsible for protective effects. HLA-DRB1*1001 is also a SE-containing allele, which can accommodate citrulline in its antigen anchoring pockets and thus stimulate citrullinated protein-specific T cell responses [3, 32, 33, 35] .
It is now clear that there is a complex hierarchy of risk factors conferred by different HLA-DRB1 genotypes. As discussed above, SE alleles (HLA-DRB1*01, DRB1*04, DRB1*10) exert the strongest association with disease susceptibility, however, recently, much attention has been drawn to two non-SE HLA-DRB1 alleles, DRB1*13 (HLA-DR13) and DRB*15 (HLA-DR15) [3, 15, 36, 37) . DRB1*1301, *1302 and *1304 alleles have been linked to the DERAA motif described above [3, 36] . Although we reported an association between HLA-DRB1*13 and ACPA production in Hungarian RA patients [15] , recent cohorts suggested that the HLA-DRB*1301 allele may protect against ACPA positive or ACPA negative RA [3, 5, 34, 37] . There has been some controversy regarding the role of HLA-DRB1*15; however, again, we found higher circulating ACPA levels associated with DRB1*15 positivity [15] . Recently, enhanced production of ACPA has been associated with HLA-DRB1*15 positivity in RA [35, 38] . We have also described a family with six members having RA in two generations. Interestingly, four out of the six RA patients carried the DRB1*15 genotype [39] (Table 1) .
Regarding identical twins, in a cohort of 91 monozygotic twins pairs, increased concordance for RA was observed in SE positive pairs (RR 3.7). In addition, a 5-fold risk for RA concordance was seen in twins who were "homozygous" for the SE, compared with those negative for the SE [40] .
Aiming for reconsideration of the SE hypothesis, a new classification system has been proposed and validated by French investigators [36] . In brief, the susceptibility risk represented by the RAA motif is modulated by amino acids at positions 70 and 71. Thus, at position 71, lysine (K) confers the highest risk, arginine (R) intermediate risk, while alanine (A) and glutamic acid (E) lower risk. At position 70, glutamine (Q) and R represent higher risk than D [36] . Based on the type of the amino acids at positions 70 and 71, the new classification system divides SE alleles into S1, S2, S3P and S3D groups and denotes all non-RAA motifs as X. A positive association with RA susceptibility was found for S2 and S3P allele carriers, while S1, S3D and X are low risk alleles pooled together as L alleles [36] . The new system has since successfully been validated on large international cohorts [36, 41] . The presence of S2 or S3P alleles has been correlated with ACPA production, whereas the presence of S3D and S1 alleles appeared to be protective. Our group has recently assessed the impact of S1, S2, S3P and S3D alleles on ACPA positivity. We found that not only S2 and S3P, but -to a lesser extent -S1 and S3D alleles also predisposed to ACPA (anti-CCP and anti-CV) production [41] . With regard to the above-mentioned non-SE alleles, HLA-DRB1*15, as well as the DRB1*1301, *1302 and *1304 alleles have also been classified in the S1 group that has strong association with susceptibility to RA [41] .
With regard to prognosis and outcome, SE is a risk factor for more severe, destructive RA, as well as for the development of extraarticular manifestations. It is likely that the SE itself may not be directly responsible for poorer prognosis, but, as discussed later, may rather influence outcome indirectly, via ACPA production [3-5, 17, 34, 42] .
In contrast to HLA-DRB1 alleles, HLA-DRB*03 (HLA-DR3) may rather be associated with ACPA negative RA and milder disease course [3] . In general, as discussed later, HLA-DRB1 associations are overwhelmingly observed in the ACPA positive RA subset [9, 17, 34] .
Non-HLA Susceptibility Genes
In addition to HLA-DR alleles, several association studies have confirmed the role of other, non-HLA genes in susceptibility to RA. Among the 31 confirmed non-HLA loci contributing to RA risk, probably the strongest associations have been found with PTPN22 and IL23R genes [3, 9, [43] [44] [45] [46] [47] . We have also confirmed association of RA with these loci in Hungarian RA patients [44, 45] . The PADI4 gene encoding the peptidylarginine-deiminase 4 (PADI4) enzyme is involved in protein citrullination, a key event underlying the pathogenesis of RA. Association of the PADI4 haplotype with RA was suggested in Asian cohorts, but could not be confirmed in Caucasian populations including Hungarian cohorts [48] [49] [50] . As also discussed in relation to GWAS later, other important, confirmed loci include TRAF1, CTLA4, IRF5, STAT4, FCGR3A, IL6ST, IL2RA, IL2RB, CCL21, CCR6, CD40 and others [3, 4, 9, 34, [50] [51] [52] [53] [54] [55] (Table 1) .
Here, we give a short introduction to the most important loci in the list. The gene encoding the intracellular phosphatase protein tyrosine phosphatase non-receptor type 22 (PTPN22) shows the second strongest association with RA, right after HLA-DRB1. This allele has been linked to other autoimmune diseases such as type I diabetes, Graves' disease, myasthenia gravis, systemic sclerosis, lupus and Addison's disease, among others. The C1885T polymorphism of the PTPN22 gene leading to an amino acid change from Arg to Trp at amino acid position 620 confers risk for these diseases, mostly in Caucasian populations. This SNP has been associated by many groups with ACPA and rheumatoid factor (RF) positive RA and probably worse prognosis. The association of this locus with RA severity has been suggested, but it may be weak and could not be reproduced by some groups. The presence of PTPN22 C1885T polymorphism, in addition to SE and ACPA status strongly supports the early diagnosis of RA. In contrast to SE, PTPN22 may not be closely associated with smoking [18, 45, 47] .
On the basis of recent GWAS data, TRAF1 in the TRAF1-C5 region may be the third most strongly RAassociated locus. This region has also been associated primarily with ACPA positive RA. The TNF receptor associated factor 1 (TRAF1) is an adaptor protein that links TNF family members, such as TNF-α, to downstream signaling networks. TRAF1 has been implicated in cell growth, proliferation, apoptosis, bone turnover, cytokine activation, and in the overall pathogenesis of RA. TRAF1 has been related to increased radiological progression; however, TRAF1/C5 may not be associated with RA mortality [9, 43, 53] . The association of RA with the STAT4 gene is relatively modest in comparison to associations discussed above. This locus also confers risk to SLE, scleroderma, type I diabetes, juvenile idiopathic arthritis, and possibly to inflammatory bowel disease (IBD). Signal transducer and activator of transcription 4 (STAT4) exerts a distinct role in the signaling of cytokines, primarily IL-12 through JAK2. Interestingly, different SNPs in the STAT4 gene may increase susceptibility to both ACPA positive and negative RA [43, 52] .
The PADI4 enzyme mediates the citrullination of proteins (conversion of arginine residues to citrulline). Association between RA and the PADI4 gene was originally established in large Japanese and Korean cohorts. This genetic effect was much weaker in Caucasian populations. As discussed above, an association between RA and PADI4 could not be confirmed in Hungary either [9, 43, 49, 50] .
Fcγ receptors are key players in antigen presentation and inflammation. In a cohort of 945 RA patients, Fcγ receptor IIIA (FCGR) 158 V/F polymorphism was assessed. The VV genotype was associated with ACPA seropositive RA in the Caucasian, but not the Asian, population [5, 43, 54] .
The CD40 gene encodes a protein that as a member of the TNF-receptor superfamily is important in a broad range of immune responses, such as B-cell development and costimulation. CD40 is a known risk factor for RA. An SNP at the CD40 locus exerted association with RA severity [17, 43, 51] .
Among the recently discovered new risk loci the CCR6 chemokine receptor gene may be of high interest [55, 56] . CCR6 is expressed by Th17 cells and is involved in IL-17-driven inflammation underlying RA and other chronic inflammatory diseases. In addition to CCR6 and its chemokine ligand CCL20, several chemokines and chemokine receptors have been implicated in RA [35, 55, 56] .
In conclusion, several HLA and non-HLA genes have been implicated in susceptibility to or protection against RA. To date, more than 30 genes have been associated with the disease and these genetic factors account for about 50 % of the genetic variants linked to RA susceptibility [3-5, 9, 35, 43] .
Interactions of Genes, Autoimmunity and the Environment in Disease Pathogenesis and Outcome
It is very likely that HLA-DR genes act indirectly, through the regulation of autoantibody production involved in the development and outcome of RA. Indeed, SE is probably the primary risk factor for increased ACPA production in RA [2, 4, 5, 8, 10] . SE was not only associated with positive ACPA titers, but also with absolute serum ACPA levels [15] . Among HLA-DRB1 alleles, ACPA production has been associated with HLA-DRB1*04, rather than HLA-D R B 1 * 0 1 . A m o n g s t H L A -D R B 1 * 0 4 s u b t y p e s , DRB1*0401, *0404, *0405 and *0408 SE exerted the closest association with positive ACPA [3, 35] . Of 2,221 SNPs within the MHC region, 299 showed significant associations with ACPA positive RA, while none of these SNPs could be associated with seronegative RA [57] . Among non-SE HLA-DRB1 alleles, HLA-DRB1*13 and DRB1*15 have also been implicated in ACPA production [15, 38] . However, recent studies suggested that HLA-DRB1*13, as well as HLA-DRB1*03 (already mentioned above) may rather be associated with ACPA negative RA [10, 34] . Moreover, HLA-DRB1*13 may predominantly account for protection against RA [37] (Table 2) . Regarding various ACPAs, positive SE has been associated with anti-cyclic citrullinated peptide (CCP), anti-citrullinated vimentin (CV), anti-citrullinated fibrinogen (CF), anti-citrullinated α-enolase peptide (CEP) and anti-citrullinated myelin basic protein (MBP) production [10, 42, 48, 58, 59] . Interestingly, very recent data suggest that the triggering of autoimmunity and radiological outcome may not be associated with ACPA fine specificities but rather with ACPA development in general [58, 59] .
Some non-MHC alleles may also differentiate between ACPA seropositive and seronegative RA. Among non-HLA susceptibility loci mentioned above, CTLA4 may be associated with ACPA positive, IRF5 with ACPA negative, while STAT4 with both seropositive and seronegative disease [5, 43, 52, 59] (Table 2) .
Numerous studies have been performed with respect to the role of environmental and lifestyle-related factors, primarily smoking, in susceptibility to the development and progress of RA. At least in some geographical regions, smoking has been associated with the development of extraarticular manifestations, including nodulosis and cardiovascular complications, as well as with more progressive disease course. Smoking promotes the citrullination of synovial proteins and thus ACPA production. In Northern and Western European cohorts, a high risk for the development of ACPA positive RA was observed in smoking patients carrying one or two SE alleles. As already mentioned above, the interaction between tobacco exposure and HLA SE alleles may trigger autoimmunity not to specific citrullinated antigens, but rather to ACPA production in general [2, 10, 14, 16-18, 42, 60] . As most studies on the possible associations between genetics, autoimmunity and lifestyle-related factors underlying the pathogenesis of RA have been carried out in Western countries, we have recently carried out the very first Central-Eastern European cohort study in 91 Hungarian RA patients. We assessed interactions between HLA-DRB1, ACPA production and lifestyle-related factors including smoking and alcohol intake. With respect to SE, we used both the traditional and the new French SE classification system [36] . Detailed correlation analysis revealed positive correlations between SE and ACPA positivity or absolute serum levels of various ACPAs. This also applied for the new du Montcel SE classification [36] . The complex risk estimate of SE, ACPA and smoking revealed that SE, but not ACPA, positivity was independently associated with smoking. In contrast, absolute serum ACPA levels did correlate with smoking irrespective of SE [16] .
Genomic Studies in Mice and Men
Genomic Studies in RA and Other Human Inflammatory Diseases GWAS studies already mentioned above, such as the ones using the WTCCC database assessing eight common inflammatory diseases including RA, described three major loci in which copy number variants (CNVs) were associated with a disease. The three loci included HLA associated with RA [26] . In addition to the WTCCC database, 31 non-MHC RA risk alleles have been confirmed by numerous genomic studies and meta-analyses. For example, a large GWAS metaanalysis carried out on data derived from 14 centers identified seven new RA risk loci. These SNPs are near genes of known immune function, such as IL6ST, SPRED2, RBPJ, CCR6, IRF5 and PXK [46] . These human RA risk alleles were identified and confirmed using anywhere from a few to thousands of SNPs. The most relevant susceptibility loci confirmed by genomic studies include, among others, PADI4, PTPN22, IL23R, CTLA4, IRF5, STAT4, IL6ST, TRAF1, TNFAIP3, CD40, IL2RA, IL2RB, CCL21, CCR6, CD2 and FCGR2A [5, 6, 43, 46, 61] . Characteristics of the most common genes were described above (Table 1 ).
In order to characterize possible common "inflammatory" and disease specific genes, we assessed the expression of 96 genes known to be involved in inflammation in patients with RA, psoriasis and IBD. By using the TaqMan Low Density Array (TLDA) method, we identified five "inflammatory genes," ADM, AQP9, CXCL2, IL10 and NAMPT, encoding adrenomedullin, aquaporin 9, the CXCL2 (groβ) chemokine, IL-10 and visfatin, respectively, discriminating all patients with the three inflammatory diseases from healthy controls. In addition, 21 genes in RA, six genes in psoriasis and 11 genes in IBD separated the given disease from the other two diseases. "RA-specific" genes included the known PTPN22 and IL23R, as well as genes encoding ADAM proteases (ADAM12, ADAM19, AD-AM33), the CXCL8 (IL-8), CCL4 (MIP-1β) and CCL5 (RANTES) chemoki nes, heat shock protein 90 (HSP90AA1) and the TLR4-ligand HMGB1. Furthermore, when comparing RA patients with erosive versus nonerosive disease, the gene encoding PADI4, an enzyme involved in protein citrullination, differentiated the two RA subsets [13] .
There may be limitations of human RA genomic studies. SNPs define only certain regions where a number of genes or non-coding elements are located. These risk loci or alleles defined by various numbers and frequency of SNPs indicate only a chromosome region carrying potentially dozens or hundreds of genes, which is expected to have one or a few functionally defective genes involved in the pathomechanism of RA. Furthermore, some SNPs including those in the IL23R, PTPN22 or IRF5 genes have also been associated with autoimmune rheumatic diseases other than RA as well. Due to the extreme heterogeneity of the human population, the highly motivated and exciting early-stage studies led to the current "frustration" in the field, and only a few confirmatory or treatment-related meta-analysis studies have been published during the past few years [24, [27] [28] [29] [30] [31] .
Murine GWAS Studies in Arthritis Models
Studies conducted in animal model of arthritis may help to fill the gaps in human GWAS by allowing high-resolution gene mapping and functional studies that will yield greater insights into the mechanisms of autoimmune T and B cell responses in RA. Numerous arthritis models have become available, yet, none of these models embodies the full spectrum of diseases collectively called RA. The most appropriate animal models for RA seem to be those that use genetically controlled systemic autoimmune joint diseases, those in which both T and B cells are involved, and those that apply (auto)antigenic molecules of cartilage or joint tissues for provoking synovial joint inflammation. Among the animal models of RA, especially from a genetic point of view, cartilage proteoglycan (PG) aggrecan-induced arthritis (PGIA) may be the closest genetic and clinical model of the human disease [27] [28] [29] [30] [31] .
In contrast to human studies using heterogeneous populations, there is a chance to use genetic combinations of various arthritis susceptible and resistant inbred strains for GWAS to identify disease-associated quantitative trait loci (QTLs). There are over a hundred non-MHC genetic risk alleles identified in murine and rat arthritis models. Some, but rather a small number of these rodent QTLs correspond to, or are located in, close proximity of the human risk alleles in the corresponding human genomic regions. In contrast to human studies, many of these rodent QTLs have not been confirmed by independent laboratories. Another limitation of these animal studies is that a large number of QTLs represent over a dozen clinical phenotypes in combination with the presence or level of various autoantibody or cytokine biomarkers. In addition, the PCR-based single sequence length polymorphism (SSLP) method used for identification of QTLs in either mice or rats is conceptually different form SNP microarray-based screening of the human genome. Therefore there has been some confusion in the interpretation of animal GWAS, which makes it difficult to compare these valuable results with those obtained from human GWAS [27] [28] [29] [30] [31] .
In recent years, we have carried out numerous GWAS studies in the murine models PGIA and collagen-induced arthritis (CIA). Over 5,000 wild-type parents, approximately 500 F1 hybrids negative for PGIA and 3,200 F2 hybrids of six different genetic intercrosses were screened using over 240 SSLP markers in order to identify genetic alterations including QTLs that are linked to murine arthritis susceptibility, disease severity and biomarkers. Not discussing the complex methodology in more detail, during the past 15 years, we have identified 29 Pgia and 14 new Cia loci in different genetic combinations of F2 hybrid mice [29, 31] . A total of 13 QTLs that correspond to at least one major RA risk allele in the human genome were identified on mouse chromosomes 1, 2, 3, 5, 6, 10, 13, 15 and 18. With regard to analogy between human RA and murine arthritis, we identified two matching risk alleles, the murine Pgia26/Cia5 on mouse chromosome 3 that corresponds to the PTPN22/CD2 allele on human chromosome 1, and Pgia2/Cia2/Cia3 on mouse chromosome 2 that corresponds to the TRAF1/C5 allele on human chromosome 9. These two major/dominant mouse QTLs were found to contain separate narrow subtraits and were simultaneously tested for influence on arthritis susceptibility, disease onset and severity, also in combination with over 15 biomarkers that might have some potential relevance for RA [27, [29] [30] [31] .
Pharmacogenomics in RA: A Step Towards Personalized Medicine
As described by Cronstein [20] as an analogy to fashion design, ready-to-wear or "prêt-a-porter" clothing is designed for different people with different body shapes, while madeto-order or "haute couture" clothing is individually designed for a specific person. Personalized medicine uses haute couture drugs fitted to the needs of an individual RA patient, while prêt-a-porter compounds would work well for most patients, but would be ineffective for some of them [20] . There is indeed a need for biomarkers associated with better or worse response to a given treatment modality. These biomarkers may include cellular responses, autoantibodies, genes and other molecular structures. For example, higher versus lower synovial B-cell numbers or ACPA positivity versus negativity have been associated with differential responses to biologics, such as rituximab [19, 20, 62] .
Pharmacogenetics or pharmacogenomics focus on the associations of expression of a single gene or multiple genetic signatures with responses to drugs (Tables 3 and  4 ). There has been major advance in this field, yet, we are still very far from finding the optimal genetic biomarkers. Regarding traditional DMARDs, several SNPs may be related to altered efficacy or toxicity of methotrexate (MTX) such as those in genes encoding proteins involved in the folate pathway, drug transport, nucleotide synthesis, and cytokine production. Without going into details, among folate pathway-associated variants. the most widely studied SNPs are C677T and A1298C mutations in the methylene tretrahydrofolate reductase (MTHFR) gene, the G80A amino acid change in the reduced folate career 1 (RFC-1) gene (SLC19A1) and the C1420T mutation in the serine hydroxymethyltransferase (SHMT) gene [19, [63] [64] [65] . The C3435T SNP in the gene encoding the MDR1 efflux pump (ABCB1) is involved in drug transport and increases MTX efflux [66] . Nucleotide synthesis-related genes implicated in MTX activity include ATIC and TYMS. Mutations in these genes lead to altered mRNA stability and enzyme activity and thus improved efficacy, but increased toxicity [19] . Finally, an SNP in the IL1RN gene was also associated with decreased efficacy of MTX [19, 67] . Increased toxicity of azathioprine has been associated with variations in the genes encoding thiopurine S-methyltransferase (TMPT) or ITPase [19] . Mutations in the IL10 (A1082G, C819T, C592A) or the TNF gene (A308G) results in increased efficacy of hydroxychloroquine, while increased efficacy of leflunomide has been linked to variations in the dihydroorotate dehydrogenase (DHODH, C19A), estrogen receptor (ESR1) or the cytochrome P450 (CYP1A2) gene [19] (Table 3) .
Recently, therapeutic responses to biologic agents have drawn more attention. According to the recent treat-to-target and EULAR/ACR treatment recommendations [11] , treatment strategies should aim at remission or at least low disease activity (LDA). While the administration of antitumor necrosis factor α (TNF-α) show sustained efficacy in many patients, remission or LDA cannot be reached in as much as 60 % of RA patients [68] . Reasons for switching biologics include primary lack and secondary loss of response, partial response or side effects [68] . There is an immense need to find biomarkers including pharmacogenomic ones that are able to predict inefficacy or side effects early during the course of treatment. The first studies on single SNPs were followed by more detailed pharmacogenomic investigations on multiple gene signatures. Most studies have been conducted on the G308A SNP in the gene encoding TNF-α. This SNP has been associated with clinical responses to infliximab, etanercept and adalimumab, and most studies reported increased efficacy. Other polymorphisms associated with clinical outcome during anti-TNF treatment include other changes in the TNF locus (e.g., A238G), T196G change in the TNFRSF1B gene, Val158Phe change in the FCGR gene, an SNP in the receptor-type tyrosine-protein phosphatase C gene (PTPRC) [19, 21] . SNPs in the MAPK14 gene lead to increased efficacy of anti-TNF antibodies, but not to etanercept [19, 21] . Responses to the B-cell-depleting antibody rituximab have been linked to SNPs in the FCGR gene encoding FcγRIIIA (Val158Phe amino acid change), the IL6 gene and the gene encoding the B lymphocyte stimulator (BLyS) [19] [20] [21] 54] ( Table 4) .
Expression of multiple genes and genetic signatures have been studied in association with responses to biologics using microarray technique. To date, most studies have been conducted on responses to infliximab and etanercept. Unfortunately, these studies yielded to very inconclusive results as different groups reported different signatures. A few examples are presented below.
Genes that have been associated with responses to etanercept include primarily cytokine genes (TNF, lymphotoxin α [LTA], IL10, TGFB1, IL1RN), cytokine receptor genes (TNFRSF1A, TNFRSF1B) and Fc receptor alleles has not yet been identified in RA. Polymorphisms in absolutely different genes including chemokine and chemokine receptor genes (CCL4, CX3CR1) and interferon-induced genes were associated with responses to infliximab in yet another study. Pharmacogenomic studies in infliximab-treated patients have been conducted in several other cohorts (reviewed in [19, 20] ).
To date the largest published pharmacogenomic GWAS included 566 RA patients. Changes in altogether 460,000 SNPs were assessed in patients treated with etanercept, infliximab or adalimumab. Prediction analysis revealed seven loci that may be related to responses to these biologics. Two loci, PDZD2 encoding PDZ domain-containing protein 2 and EYA4 encoding the protein "eyes absent 4" showed the strongest correlation with biologic responses. Yet, the role of these two genes in RA is unknown [19] .
Very recently, we have conducted the first pharmacogenomic study in 13 tocilizumab-treated RA patients. The expression levels of altogether 59 genes showed significant changes between baseline and after 4 weeks of treatment. Four genes (DHFR, CCDC32, EPHA, TRAV8) determined responders after correction for multiple testing. Again, very little is known about the function of these genes in RA. Dihydrofolate reductase (DHFR) was identified as putative predictor for MTX response, T cell receptor alpha variable 8-3 (TRAV8-3) is involved in CD8+ T-cell responses, the ephrin receptor A4 (EPHA) plays a role in the nervous system, while the function of CCDC32 is unknown [22] .
Thus, pharmacogenomics may bring us closer to personalized medicine; however, recent studies yielded to inconclusive results reporting substantially different gene patterns in various cohorts. In addition, although numerous genes have been picked up that may predict therapeutic responses, the role of many of these genes in the pathogenesis of RA is unknown. Therefore, the breakthrough is yet to come. Further studies, possibly using pre-selected and well-characterized gene sets, are needed to determine the value of pharmacogenomics in RA [19, 22] .
Conclusions
The "Bermuda triangle" of genetic, environmental factors and autoimmunity has been associated with susceptibility to and outcome of RA. The heritability of RA has been estimated to be about 60 %. In addition to HLA-DRB1*01 and HLA-DRB1*04 SE alleles, recently, much attention has been drawn to two non-SE HLA-DRB1 alleles, DRB1*13 and DRB*15. The recent du Montcel SE classification system divides SE alleles into S1, S2, S3P and S3D groups. It seems that S2 and S3P, but, to a lesser extent, S1 and S3D alleles may also predispose to ACPA positive RA. SE is a risk factor for more severe, destructive, as well as "systemic" RA. GWAS also confirmed the association of RA with at least 30 alleles, most importantly PTPN22, TRAF1, CTLA4, IRF5, STAT4, IL23R, CCR6, CD40 and PADI4. There is also significant interaction between genes, ACPA status and smoking. In CIA and PgIA models of arthritis, susceptibility loci that correspond to the human PTPN22/CD2 and TRAF1/C5 alleles were identified. Finally, pharmacogenomics focuses on the associations of SNPs or multiple genetic signatures with responses to drugs. Yet, more large-scale confirmatory studies need to be conducted in the field of genetics and genomics, in association with inflammatory rheumatic diseases.
